In many animals, and some plants, sex is determined by the particular sets of chromosomes individuals carry: in flies and mammals, for instance, males are the heterogametic sex, possessing X and Y sex chromosomes; but in birds and butterflies, females are heterogametic, possessing Z and W sex chromosomes. (For simplicity, we hereafter refer only to XY systems, but the arguments generally hold for both XY and ZW systems.) Under the standard model [1] , the acquisition of a major sex-determining locus by an ancestral pair of autosomes can trigger their gradual evolutionary transition into differentiated sex chromosomes. Because Y chromosomes are sex-limited and non-recombining, the X and Y can evolve differences in size, morphology, gene content and modes of regulation [1, 2] . Once established, differentiated sex chromosomes would seem to be an evolutionary endpoint -autosomes can evolve into sex chromosomes, but the reverse is hard to imagine [2] . However, this is precisely what Vicoso and Bachtrog [3] found in a new study of fly (Diptera) genomes.
To see why it might be difficult for sex chromosomes to revert back to autosomes, consider how they come to differ. To begin, an autosome acquires, say, a dominant male-determining gene either via de novo evolution of a gene at the top of the sex determination pathway or via movement of an established sex determination gene from elsewhere in the genome. Next, the segregation of sexually antagonistic alleles -genetic variants beneficial to one sex but harmful to the other -at genetically linked loci favors the recruitment of suppressors of recombination, such as chromosomal inversions ( Figure 1A ). These inversions impart short-term evolutionary benefits -facilitating genetic associations between maleness and alleles that benefit males -but impose long-term consequences. First, the lack of recombination leads to the mutational degeneration of the Y chromosome ( Figure 1A ) [4] . Second, a degenerate Y chromosome imparts a dosage inequality for X-linked genes between the two sexes which often (but not always) favors the evolution of dosage compensation mechanisms [5] . Third, sex chromosomes adapt to the sex through which they are predominantly transmitted: it is hardly surprising, for instance, that many of the surviving genes on the Y chromosomes of flies and mammals function in male fertility. Finally, the genetic differentiation and sex-biased inheritance of sex chromosomes renders them susceptible to genetic conflicts over transmission, such as meiotic drive, whereby chromosomes obtain greater than Mendelian transmission to offspring [6] . Meiotic sex chromosome inactivation (MSCI), the precocious transcriptional silencing of the sex chromosomes during male meiosis, has evolved independently in several lineages, possibly as a way to suppress sex-linked meiotic drive elements in the male germline [6, 7] .
Once differentiated sex chromosomes have evolved specialized gene contents and elaborate chromosome-wide regulatory mechanisms, their status as sex chromosomes would seem to be irrevocably set. Consistent with this intuition, in the genus Drosophila there have been around 12 fusions between sex chromosomes and autosomes, resulting in neo-X and neo-Y chromosomes, and 23 fusions between autosomes. There are, however, no cases of wholesale reversion of a sex chromosome to an autosome. In new work that challenges the long-held conventional wisdom, Vicoso and Bachtrog [3] show that the ancestral Dipteran X chromosome reverted to an autosome in the lineage leading to Drosophila.
In Diptera, the ancestral haploid complement comprises five large euchromatic 'rod' chromosomes, containing about 2,800 genes each, and one small 'dot' chromosome, containing about 100 genes. These chromosomes are termed Muller elements A-F. In Drosophila, Muller element A segregates as the X chromosome, and sex is determined by the relative dosage of the X-linked sex determination gene Sex lethal. While the gene content of the Muller elements is largely conserved across Diptera, the sex chromosomes and sex determination genes are not. To investigate the deep history of sex chromosome evolution in Drosophila and beyond, Vicoso and Bachtrog [7] sequenced the genomes of one male and one female from each of five species -a basal Drosophila species and four outgroup Dipteran species -and then mapped the sequence contigs back to the Muller element assemblies of the model species Drosophila melanogaster. This simple approach provides two kinds of information [8] . First, the X chromosome of each species is easily identifiable from the ratio of male to female sequence coverage (w1:1 for autosomes, w1:2 for the X). Second, the X-linked sequences in the distant outgroup species map to Muller element F -the dot-like autosome in D. melanogaster. These findings confirm early cytological observations that in basal Dipteran lineages the small heterochromatic dot pair segregates as the sex chromosomes [9, 10] . In the ancestors of Drosophilidae, then, Muller F was the X; later, in the lineage leading to Drosophilidae, Muller A became the X and Muller F reverted to an autosome.
The particular events leading to the dot's transition from X chromosome to autosome are interesting in themselves, as intermediate genotypes likely experienced chromosome-pairing problems and reduced fitness. Vicoso and Bachtrog [7] lay out three possible scenarios by which the dot may have reverted to an autosome, one of which involves the fusion of the ancestral Muller Figure 1B) . Whatever its particular history, the dot's reversion to an autosome has important implications for chromosome-specific patterns of gene expression, the curious genetic properties of the dot in D. melanogaster, and sex chromosome evolution in Diptera. First, the expression profile of the new X chromosome of Drosophila appears to have converged with that of the ancestral X of older Dipteran species [3] . In past work, the lower overall expression level of the X relative to autosomes in testis was taken to be informative about its gene content -the X chromosome was said to be 'demasculinized', containing a dearth of male-biased genes (genes expressed at higher levels in males than females) [12, 13] . Vicoso and Bachtrog [7] recapitulate this finding and further show that, in the basal Dipteran species, the dot-like X appears similarly demasculinized. While bolstering the case for the dot's X-to-autosome transition, there is an alternative interpretation for the lower average expression of X-linked genes in testis. Several recent studies have shown that the gene content of the D. melanogaster X chromosome is not demasculinized [14, 15] . Instead, the lower expression of the X in testis is an artifact of the lack of dosage compensation in the Drosophila male germline (dosage compensation occurs in the male soma but not the germline [14, 16] ). The lower testis expression of the ancestral dot-like X in older Dipteran species may indicate a similar lack of male germline dosage compensation.
Second, the findings of Vicoso and Bachtrog [7] explain the peculiar X chromosome-like properties of the dot autosome in D. melanogaster: the dot has a modest feminizing effect on sex determination; flies carrying just one copy of the dot are viable and fertile; the dot has its own form of chromosome-specific transcriptional regulation mediated by the Painting of fourth (POF) protein, reminiscent of dosage compensation [17] ; finally, the dot -but not the X [16] -shows evidence of meiotic inactivation in D. melanogaster testis [3, 16] . In the light of Vicoso and Bachtrog's results [7] , these previously puzzling properties become explicable: while the dot is now autosomal in D. melanogaster, its gene content and regulation are evolutionary holdovers from its previous life as an X chromosome.
Finally, the dot's history as an X chromosome has numerous implications for our understanding of sex chromosome evolution throughout Diptera. In a strange twist, most Y-chromosome genes of Drosophila pseudoobscura have recently fused with the dot-like Muller F and are now autosomal [18] . Thus, the contorted history of Muller F is that it began as an XY sex chromosome pair in ancestral Diptera, reverted to autosomes in the lineage leading to Drosophilidae, and then most of the Y reverted back to autosomal inheritance via fusion with Muller F (Figure 1C) . In other Dipterans, the free dot chromosome pair is missing altogether, suggesting it has fused with other, larger chromosomes [10] . In Diopsid stalk-eyed flies, for instance, as in Drosophila, the dot is now autosomal, but unlike Drosophila, the stalk-eyed fly X chromosome is Muller B, not Muller A [8] (Figure 1C) . The ancestral dot-like X chromosome thus appears to have reverted to an autosome at least twice in Diptera -once in Diopsidae and again in Drosophilidae. In Anopheles mosquitoes, the X corresponds to Muller A with a substantial contribution from Muller F [19] . The ancestral Muller A autosome was therefore independently recruited to become a sex chromosome in Drosophila and in mosquitoes ( Figure 1C) . And, in Aedes mosquitoes, the homomorphic sex chromosomes also correspond to Muller A [20] , with a single, molecularly undefined region that determines sex. It will be of interest to determine if the dot-like Muller F, perhaps now embedded in Muller A, is the sex-determining region of Aedes ( Figure 1C ). Either way, the little dot seems poised to play a big part in evolutionary studies of sex chromosomes and sex determination across Diptera. Beyond Diptera, the complex history of the dot reveals the unexpected potential of ancient sex chromosomes to evolve back into autosomes.
